Vision represents an excellent model for studying adaptation, given the genotype-to-34 phenotype-map that has been characterized in a number of taxa. Fish possess a diverse 35 range of visual sensitivities and adaptations to underwater light making them an 36 excellent group to study visual system evolution. In particular, some speciose but 37 understudied lineages can provide a unique opportunity to better understand aspects of 38 visual system evolution such as opsin gene duplication and neofunctionalization. In this 39 study, we characterized the visual system of Neotropical Characiformes, which is the 40 result of several spectral tuning mechanisms acting in concert including gene 41 duplications and losses, gene conversion, opsin amino acid sequence and expression 42 variation, and A 1 /A 2 -chromophore shifts. The Characiforms we studied utilize three cone 43 opsin classes (SWS2, RH2, LWS) and a rod opsin (RH1). However, the characiform's 44 entire opsin gene repertoire is a product of dynamic evolution by opsin gene loss 45 (SWS1, RH2) and duplication (LWS, RH1). The LWS-and RH1-duplicates originated 46 from a teleost specific whole-genome duplication as well as characiform-specific 47 duplication events. Both LWS-opsins exhibit gene conversion and, through substitutions 48 in key tuning sites, one of the LWS-paralogs has acquired spectral sensitivity to green 49 light. These sequence changes suggest reversion and parallel evolution of key tuning 50 sites. In addition, characiforms exhibited species-specific differences in opsin 51 expression. Finally, we found interspecific and intraspecific variation in the use of A 1 /A 2 -52 chromophores correlating with the light environment. These multiple mechanisms may 53 be a result of the highly diverse visual environments where Characiformes have evolved. 54 55 58 relates to the environment. Evolutionary studies of genes such as the ones involved in 59 the first steps of vision can provide valuable insights in the acquisition of new functions 60 and their adaptive significance. In vertebrates, vision starts when light reaches the retina
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To fully understand the evolutionary history of genes and their relevance for adaptation 57 and speciation, it is important to explore the genotype to phenotype map and how this 6 Our analyses revealed several amino acid substitutions that shift λ max of visual pigments.
166
The SWS2 opsin showed the greatest variation in transmembrane regions, changes in 167 polarity, and variation in binding pocket sites (Fig. 4) . Several of these substitutions 168 occurred in spectral tuning sites (M44T, A109G, M122I, A269T, A292S) that are known 169 to shift the SWS2 λ max (Yokoyama 2008) . Other opsin classes also showed variable 170 diversity in known spectral tuning sites, including the RH2 opsin with substitutions that 171 shift λ max to shorter wavelengths (K36Q, L46F, I49C, F50L, L108T, A295S) (Chinen et al. 172 2005; Davies et al. 2007 ) and the RH1-1 opsin with substitutions that shift λ max to longer 173 wavelengths (N83D, F261Y) (Yokoyama et al. 1995; Yokoyama et al. 2005) . We also 174 confirmed the presence of mutations in three "key sites" (S164A, Y261F, T269A) in the 175 LWS2 paralogs that shift λ max to shorter wavelengths (~30 nm) (Yokoyama 2008;  176 Yokoyama et al. 2008) . Although previously reported only in Astyanax fasciatus 177 (Yokoyama and Yokoyama 1990a) and Osteoglossiformes (Liu et al. 2018) , this trait 178 appears to be present in most characiforms (Fig. 5 ).
180 181
Gene conversion 182 Gene conversion analysis with GARD revealed evidence of interspecific gene 183 conversion within LWS1 and LWS2 opsins with two and three breakpoints respectively.
184
In both LWS1 and LWS2, conversion seems to be present in the first exons ( Fig. S5,   185 Table. S1). Phylogenetic trees based on fragments between recombination breakpoints 186 exhibit different tree topologies. Trees based on exons three to six recovered the typical Furthermore, our analysis examining the molecular basis of spectral tuning of the site 199 S164A, typically conferring a -7 nm shift (Yokoyama et al. 2008; Yokoyama 2008) ,
200
suggests that the LWS2 ancestral haplotype of Characiformes most probably used the 201 codon GCC (node 43, 99.03% of the scaled likelihood) to encode for alanine whereas 202 the LWS1-ancestral haplotype used TCT (node 6, 99% of the scaled likelihood, Table   203 S3) to encode for serine. However, we found a reversion in the LWS2 opsins of some 204 earlier divergent lineages within Characiformes (C. strigata, P. nattereri, H. microlepis 205 and P. panamensis) where the reverse mutation in LWS2 opsins changed codons for 206 alanine (GCC) back to codons for serine (TCT or TCC) . This occurred in parallel in the 207 characid P. innesi. (Fig. S6 ). Similar to LWS2, there is evidence of parallel evolution in 
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Opsin expression profiles varied between characiform species, ranging from some 217 expressing mainly two opsins, like the sail-fin tetra (C. spilurus) or the dogfish (H. 218 microlepis), to others expressing up to six (P. panamensis). The SWS2 opsin was the 219 only short-wavelength pigment expressed (3 to 15% of total opsin expression), and the 220 LWS duplicates accounted for the bulk of characiform opsin expression (80-95%) (Fig. 221 6). We always observed the expression of at least one copy of the LWS1 paralog, 222 followed by the expression of one or two copies of the LWS2 paralog ( Fig. 6 ). There 223 seem to be differences in the expression of the LWS2 paralogs because in some 224 species the LWS2-1 opsin is more expressed than the LWS2-2 opsin (B. chagrensis, A. 
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The RH2 opsin was lowly expressed (<5%) in most samples, except in B. emperador 229 (10%), and it was not recovered in the transcriptomes of four species (C. spilurus, H. 230 microlepis, S. rhombeus, and R. guatemalensis). Finally, rod opsin expression was 231 8 mainly dominated by the paralog RH1-1, while RH1-2 was very lowly expressed (<1.1%) 232 in all analyzed species (Fig. S7 ).
234 235
Photoreceptor spectral sensitivity 236 MSP of characiforms revealed a remarkable diversity in photoreceptor λ max . We 237 identified up to six different cone classes based on spectral sensitivity: a blue-sensitive 238 single cone (λ max =440-467 nm), a blue-green single cone (λ max =472-496 nm) and a 239 second medium wavelength single cone, sensitive to the short-green (λ max =514-545 nm).
240
Double cones contained either a green member (λ max =529-568 nm) paired with either a 241 green-yellow (545-588 nm) or with a yellow-orange sensitive member (λ max =564-614 nm) 242 ( Fig. 7 , Table 1 ). While all species showed at least three spectrally different 243 photoreceptors, different species exhibited different sets. Rods exhibited similar variation 244 within and across species, with a λ max range of 502-536 nm.
246
Nomogram fitting and sequence analysis from this study, together with previous work on 247 Astyanax (Parry et al. 2003 ) and other micro-spectrophotometric work on characiforms 248 (Levine and Mac Nichol 1979) , suggest that variation in λ max in our dataset can be largely 249 explained in terms of A 1 /A 2 chromophore content ( Fig. 8 ) with the exception of two 250 groups that best fit a model including both coexpression and chromophore A 1 /A 2 mixing.
251
These two groups covered ranges of 514-545nm and 545-588nm and had shorter 252 wavelength A 1 sensitivities that were respectively best fit by a coexpressed RH2+LWS2
253
(in proportions 30%:70%) resulting in a 514nm predicted λ maxA1 , and a coexpressed 254 LWS2+LWS1 (in proportions 50%:50%) resulting in a 544nm predicted λ maxA1 (Table S4 ).
255
The upper range for each of these groups was then fit by applying the same levels of 256 vitamin A 2 estimated for the other cone classes in the same individual to these 257 coexpression λ maxA1 values. This provided models that consistently represented the best 258 fit of the data, notably both across individuals and species. Records from these two 259 classes could not be fit by any "pure" RH2 or LWS2, regardless of the amount of A 2 260 imposed. It is important to observe that, these two classes were present in some but not 261 all species, the coexpression λ max values, assuming pure A 1 (i.e. 514nm for RH2+LWS2; 262 544nm for LWS2+LWS1) allowed consistent fitting of similar uniform percentage values 263 of vitamin A 2 across classes within the same individual, and this held across individuals 9 and species varying in their vitamin A 2 content. Furthermore, based on the amino acid 265 substitutions of the three key sites in the LWS1 opsin sequence (S164, Y261, T269), we 266 predicted a λ maxA1 of 560 nm, which is in agreement with our MSP results. In addition, the 267 LWS2 opsin exhibits substitutions (A164, F261, A269) with predicted λ maxA1 at 532 nm 268 (Yokoyama et al. 2008 ) very close to the values obtained by MSP (529-530nm) from 269 records of pure A 1 photoreceptors (Table S4 ). 2003; Matsumoto et al. 2006; Ward et al. 2008; Owens et al. 2009; Phillips et al. 2015;  294 Liu et al. 2018 ). In addition, we also found another TGD surviving opsin product of a 295 RH1 duplication: RH1-2. We confirmed this as the surviving duplicates clustered with the 
299
have maintained TGD duplicates of two opsin classes (LWS and RH1) ( Fig. S4 ), yet 300 these duplicates have not been retained together in other teleosts.
302
The characiform visual pigment repertoire is also characterized by the absence of some 303 opsin classes. The loss of SWS1 opsins seems to have occurred early in the evolution of 304 Characiformes because its absence was shared between two phylogenetically distant 305 species (P. nattereri and A. mexicanus). This is also corroborated by our gene 306 expression and MSP data as we did not find any SWS1 cones (but see Parry et al. we confirm that LWS2 opsins are sensitive to green light and that this is maintained in all 342 analyzed species (Fig. 5,7) . This is consistent with previous molecular studies that 343 showed that Astyanax had green sensitive opsins (Yokoyama and Yokoyama 1990b;
344
Yokoyama and Yokoyama 1990a) due to mutations in three of the known "five-sites"
345
(Yokoyama and Radlwimmer 1998). In our analysis, the diversity at spectral tuning sites 346 in the LWS opsins, particularly site 164 ( Fig. S6 ), showed the ability of opsins to acquire 347 new functions through opsin sequence variation. This is important because shifts in λ max 348 can have profound impacts on fish color vision. As the λ max of a photoreceptor shifts 349 across the wavelength spectrum, chromatic contrast will also vary in the visual color 350 space and this could affect chromatic discrimination.
351
In addition, micro-spectrophotometry was not able to distinguish the two LWS2 (LWS2-1 352 and LWS2-2) duplicates and it remains unclear whether they differ at all in λ max . Protein 
).
391
Regional variation in the expression of RH2, single or coexpressed, is likely at the origin 392 of the discrepancy in its abundance as measured by whole-retina transcriptomics and by 393 micro-spectrophotometry. MSP is a useful approach to identify the peak of spectral 394 sensitivity of a photoreceptor, particularly when coexpression and/or chromophore 395 variation are present, i.e. when opsin sequence does not provide sufficient information to 396 13 infer photoreceptor sensitivity. However, MSP samples a limited number of 397 photoreceptors in the regions of the retina that happen to be scanned, so it is not 398 appropriate for quantitative estimates of photoreceptor or opsin class abundances.
400
Our results show that there is differential opsin expression in Characiformes. In
401
Characidae, most species express LWS2-2 more than LWS2-1, whereas this is the 402 opposite in species from other families (Fig. 6 ). Even though our data set is based on a 403 few individuals and more sampling is needed to quantify differential opsin expression,
404
this suggests there might be a pattern in which opsins are differentially regulated in 405 different species. In addition, we also found significant differential expression between 406 RH1-1 and RH1-2 ( Fig. S7 ) yet we do not know whether RH1-2 has a specific role in the 420 gonzalezi, G. atracaudatus, and R. guatemalensis) (Fig. 8 , Table S5 -6), with the red-shift 421 attributable mainly to high levels of vitamin A 2 in species sampled in turbid environments 422 ( Fig. 8 ). Since variation in spectral sensitivities is due, to a large extent, to differences in 423 vitamin A 2 content, it is not surprising that, with the notable exception of G. atracaudatus,
424
there was little variation in blue cone sensitivity across species, as the effects of the 425 chromophore are minimal at short wavelengths (Whitmore and Bowmaker 1989).
426
Chromophore-based spectral tuning is characteristic of fish inhabiting long-wavelength- (Table S7 ). Variable A 1 /A 2 ratios have been previously found in the characid A. (Table S9 ). We used RAXML for building maximum-likelihood trees.
534
We ran 10 searches for the best tree and performed 1000 bootstrap replicates in 535 RAXML 8.0 on CIPRES (Miller et al. 2015) .
537
Once we identified the characiform opsin classes, we searched for amino acid 538 subtitutions that could shift the spectral sensitivity of visual pigments. To do this, we 539 aligned characiform opsin sequences with bovine rhodopsin and with opsins from other 540 teleosts. We looked for substitutions that fell in putative transmembrane regions and in tuning sites across the Characiformes. We observed seven combinations of the three 563 sites in our LWS dataset (Table S10 ). We assigned one of these combinations to each 564 LWS opsin gene and performed a discrete trait ancestral state reconstruction analysis in 565 R (R Core Team 2014).
567
In addition, we observed that, among the three tuning sites, site S164A was the most 568 variable. In order to understand the molecular mechanisms leading to this variation, we 
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Read counts for each opsin class were extracted from RSEM output (quantified as 583 fragments per kilobase of transcript per million reads, FPKM). In order to avoid non-584 independent bias of opsin expression owing to variation in the expression of each opsin 585 class, cone opsin read counts were then normalized to those of the β-actin gene. We 
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Lepisosteus oculatus (Spotted gar), Oryzias latipes (medaka), and Gasterosteus 977 aculeatus (stickleback). Bootstrap support over 75% is shown. This tree confirms that 978 RH1-2 arose after the divergence of the spotted gar, probably as a product of teleost 979 whole genome duplication (TGD). Notice the clustering of characiform RH1-2 opsins with 980 the cyprinimorphs surviving RH1-2 opsins. Characiform species are compressed in 981 color-filled clades (RH1-2 in gray, and RH2 in green 
